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Abstract 
This study investigates the influence of condensed water in concrete on the fracture mechanism of a concrete structure. The focus 
of this study is water pressure in concrete pores under loading with a high strain rate. First, uniaxial compression tests of 
saturated cylinder specimens containing various types of micro pore structures were conducted with different strain rates. The 
saturated concretes, especially those of low water-cement ratios, increased compression strength with increasing strain rate. 
Second, bending tests of rectangular beam specimens with and without rebar were conducted with different strain rates. As the 
strain rate increased, plain concretes and reinforced concretes showed an increase in tensile strength. These results suggest that 
dynamic responses of concrete structures are influenced by the strain rate dependency of material that is correlated with water 
content and micro pore structure. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
Temporary strength increase of saturated concrete under dynamic loading has been reported (Ross et al, [1]). 
However, the effects of water influence to slab concrete have not clearly been revealed. According to T. C. Powers 
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[2], the behavior of water in pore structures and capillary cavities is important for concrete fracture. Therefore, this 
study investigates water pressure in concrete pores under loading with a high strain rate. 
Cadoni et al. [3] carried out dynamic tensile tests at different relative humidity levels at strain rates of 
ͳͲି଺̱ͳͲଵሾͳȀሿ, finding that rate dependency of tensile concrete can be expressed by a certain volume of 
condensed water in the concrete. A comparable trend has also been reported by Ross [1]. Zheng et al. [4] effectively 
formulated the rate dependency of concrete by focusing on the viscosity of free water inside concrete at strain rates 
of ͳͲିସ̱ͳͲଵሾͳȀሿ. Mori et al. [5] pointed out the relation between moisture content and strain rate effect of 
concrete based not only on their experiments but also collections of past experimental results. Finally, they proposed 
a formula of magnification factors for compressive and tensile concrete that is associated with both strain rate and 
moisture content. 
These prior studies indicate that concrete containing a certain volume of condensed water hardens and 
strengthens under dynamic loads. In this study, the authors attempt to clarify the mechanism of strain rate 
dependency by focusing on water pressure in micro pore structures and micro cracks. 
2. Compression test program 
2.1 Test method and specimens 
Uniaxial compressive loads were determined with a cylinder specimen. The loading rates were relatively high 
strain rates (͹ǤͲ ൈ ͳͲିସ̱ͳǤͻ ൈ ͳͲିଷሾͳȀሿ) and relatively low strain rates ሺͻǤͲ ൈ ͳͲି଺̱͸ǤͲ ൈ ͳͲିହሾͳȀሿሻ .  
The term strain rate denotes the gradient of the line passing the point of strain at maximum stress and the point of 
strain at the 1/3 maximum stress (Figure 1).  
Cylinder specimens (diameter 100[mm], length about 200[mm]) were cured in water for 28 days. The specimens 
were kept in water until just before loading tests. Table 1 shows a number of specimen’s loading rates. Seven 
different water to cement ratios (W/C), 0.30, 0.35, 0.40, 0.50, 0.60, 0.65, and 0.70 were mixed to form different 
micro pore structures in concrete.  
Load and both axial and volumetric strains were measured by load cell and strain gages attached to the surface of 
specimens, respectively. 
 
2.2 Results 
x Stress-strain curve 
Test results of W/C = 0.65 are shown in Table 2 and their stress-strain curves are shown in Fig 2. Comparing 
behavior under high speed and low-speed loading, compressive strengths under relatively high strain rates were 
measured at more than 10% higher than relatively low strain rates, approximately 10% higher in terms of Young’s 
modulus, and approximately 8% lower in terms of volumetric strain. A similar tendency was confirmed in other 
Fig. 1. Strain rate 
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W/C ratio specimen measurements. Initial stiffness is the quotient of stress at 1/3 maximum and axial strain at 1/3 
maximum stress in the stress-strain curve.  
x Quantitative change under relatively high-strain rate 
In Fig. 3 and 4, the quantitative change of compressive strength and Young’s modulus tend to increase with low 
W/C, even though the strengths of low W/C were scattered. 
In Fig. 5, the quantitative change of initial volumetric stiffness decreased with low W/C. Here, initial volumetric 
stiffness means the quotient of stress at 1/3 maximum and “lateral” strain at 1/3 maximum stress in the stress-strain 
curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Number of specimens 
W/C Haigh strain rate Low strain rate 
0.30 3 2 
0.35 3 3 
0.40 8 6 
0.50 11 9 
0.60 8 5 
0.65 3 3 
0.70 3 3 
 
Table 2. Compression test results 
 
  High strain rate Low strain rate 
Compressive Strength [N/mmt] -33.0 -31.9 -30.8 -27.4 -27.1 -28.1 
Initial Axial Stiffness [kN/mmt] 29.2 29.1 30.0 28.4 27.1 25.4 
Initial Volumetric Stiffness [kN/mmt] -125.0 -132.8 -140.1 -150.7 -144.8 -134.1 
Fig. 2. Stress-strain curve 
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Table 3. Poisson’s ratio 
State High strain rate Low strain rate 
Initial 
0.2 0.2 
0.22 0.18 
0.21 0.19 
Ultimate 
0.53 0.41 
0.37 0.44 
0.34 0.48 
2.3 Strain rate dependency in saturated concrete 
x Dynamic Magnification Factor of Compressive Strength and Young’s Modulus. 
The magnification factor of specimens in terms of compressive strength has been approximately between 1.1 and 
1.2, although some results have been below 1.0. Test results and existing regression lines (Mori et al, [5]; Shirai et 
al, [6]) are shown in Figure 6. The magnification factor of tested specimens in terms of Young’s modulus has been 
approximately between 1.0 and 1.1, although some results have been about 0.97. Test results and existing regression 
lines (Shirai et al, [6]) are shown in Figure 7. 
The values shown in the graph legend refer to the water to cement ratio of each specimen. The dynamic 
magnification factors are not able to be sorted in terms of W/C of specimens in this experiment. 
x Strain Rate Dependency on Poisson’s Ratio 
Poisson’s ratio is the value of volumetric strain divided by axial strain, as shown in Figure 8. 
The relations between axial and volumetric strains of W/C=0.50, as an example, are shown in Figure 9. The 
calculated values of Poisson’s ratio at initial and at ultimate states are shown in Table 3. At initial state, the average 
Poisson’s ratio under relatively high strain rate was about 10% larger than under relatively low strain rate. On the 
contrary, at ultimate state, the average Poisson’s ratio under relatively high strain rate was about 17% smaller than 
relatively low strain rate. 
The calculated Poisson’s ratios of all tested specimens are shown in Figures 10 and 11. At the initial state, 
Fig. 3. Strength Fig. 4. Young’s modulus Fig. 5. Initial volumetric stiffness 
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Poisson's ratio under relatively high strain rate was larger than under low speed loading (Figure 10). At the ultimate 
state, Poisson’s ratio under relatively high strain rate tended to be decrease more than the relatively low strain rate 
(Figure 11).  
The relation between Poisson’s ratio and strain rate in compressive strength test of saturated mortar was reported 
by S. Harsh [7]; for instance, a Poisson’s ratio of 0.20 under loading at ͵ǤͲ ൈ ͳͲି଺ [1/sec] and 0.27 under loading at 
ͳǤͷ ൈ ͳͲିଵ[1/sec] was determined. 
Although the tested specimens were different in this study, the behavior resembled that of Harsh's results. What 
fluctuation of pore pressure in saturated capillary cavity could influence to Poisson's ratio is presumed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.Volumetric strain-axial strain Fig. 11. Ultimate state Poission’s ratio 
Fig. 8. Definition of the Poisson’s ratio Fig. 10. Initial state Poission’s ratio 
Fig. 7. Young’s modulus Fig. 6. Strength 
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3. Discussion for compressive strength test of saturated concrete 
3.1 Analysis on micro-pore structure 
 
Changes in strength and stiffness due to relatively high strain rates are possibly influenced by micro-pore 
structures formed under different W/C values. In accordance with Maekawa’s report [8], the volume of the porosity 
scaled around ͳͲିଵ̚ͳͲିଷሾɊሿ is dominant in mortar mixtures with lower W/C values. Furthermore, the peak 
diameter of porosity is fine with low W/C values. 
The results show that low W/C specimens, which form many ͳͲିଵ̚ͳͲିଷሾɊሿ  degree fine pores, cause 
noticeable changes to compressive strength and stiffness. However, specimens forming pore structures larger than 
ͳͲିଵ̚ͳͲିଷሾɊሿ  degree show small quantitative change because of high W/C values. The relation between 
quantitative change and W/C ratio would be proven if water pressure inverting effectively concrete dynamics 
properties is generated around ͳͲିଵ̚ͳͲିଷሾɊሿ degree micro-pore structures.  
3.2 Influence of porosity water pressure in micro-pore structures 
 
Mechanism due to pore pressure in micro-pore structures during compressive strength tests is proposed in Figure 
12. At the initial state of loading, water pressure directed to the axial direction receives the load, and water pressure 
could be balanced with load. Thus, amplification of axial strain is depressed and Young’s modulus is increased. 
Water pressure directed laterally amplifies volumetric strain and the modulus of rigidity is decreased. 
At ultimate state, water pressure is receiving the load in the axial direction and consequently compressive 
strength increases. Amplification of volumetric strain is depressed likely due to water pressure directed laterally, and 
could exceed tensile strength of concrete. Cracks may develop in the axial direction. 
Assuming pore pressure is activated by an increase in strain rate, it could explain the dependence of strain rate on 
compressive strength, Young's modulus, and Poisson's ratio.  
 
 
 
 
 
 
Fig. 12. Pore pressure in micro-pore structure 
(Compression test) 
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4. Bending test program 
4.1 Test method and specimens 
A four-point bending load was applied to rectangular beam specimens. The loading rates were relatively medium 
ሺͳǤͻ ൈ ͳͲିସ̱ͷǤ͵ ൈ ͳͲିସሻሾͳȀሿሻ and relatively low (ͷǤͲ ൈ ͳͲି଺̱ͻǤʹ ൈ ͳͲି଺ሾͳȀሿ). The definition of strain 
rate is the same as that used in the uniaxial compression test, as shown in Fig. 13. 
Measurement items are load, strain of concrete, and strain of rebar. Loads were measured directly using test 
equipment. Strains were measured by strain gauges attached the on top and bottom surfaces of specimens. 
Specimens of plain concrete and reinforced concrete were prepared. Figure 14 shows an overview of the 
reinforced concrete specimens. Both ends of the beam were restricted by a steel plate to simulate the bonding length 
of the structure. The specifications of the reinforcing bars are SD295 and D13. The specimens (height 100 [mm], 
width 100 [mm], and length 400 [mm]) were cured in water for 14 days and kept in water until just before the 
loading tests. Table 5 shows the number of specimens for each loading rate. 
 
 
Table 5. Number of specimens 
Condition Medium-strain rate Low –strain rate 
Reinforced 5 3 
Plane 3 2 
 
Table 6. Test results (Plain concrete) 
Strain rate Medium strain rate Low strain rate 
Tensile strength [N/mm2] 6.8 7.3 6.4 6.0 6.0 5.8 
Tensile modulus of Elasticity [kN/mm2] 27.6 29.4 32.0 99.4 40.5 33.0 
 
Table 7. Test results (Reinforced concrete) 
Strain rate Medium strain rate Low strain rate 
Tensile strength [N/mm2] 5.3 7.1 6.5 5.6 6.3 4.8 5.1 5.4 
Tensile modulus of Elasticity [kN/mm2] 31.3 30.9 33.1 32.8 30.1 30.7 31.3 32.4 
 
 
Fig. 13. Strain rate 
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4.2 Results 
 
The definition of tensile strength in the bending test is shown in Figure 15. Simply, it is the maximum strength 
before cracking occurs in the under-surface of the specimens.  
The tensile modulus of elasticity is the quotient of stress at 1/3 tensile strength and strain at 1/3 tensile strength 
in the stress-strain curve.  
x Plain concrete 
Table 6 shows the tensile strength and tensile modulus of elasticity of the plain concrete specimens. The tensile 
stress-tensile strain curves of all plain concrete specimens are shown in Figure 16. Comparing the behavior under 
relatively medium strain rates and relatively low strain rates, tensile strengths under relatively medium strain rate 
were approximately 15% higher than those under low-strain rate, and approximately 17% lower than those of 
relatively low-strain rate in terms of tensile modulus of elasticity. 
x Reinforced Concrete 
Table 7 shows the tensile strength and tensile modulus of elasticity of reinforced concrete specimens. The tensile 
stress-tensile strain curves of all reinforced concrete specimens are shown in Figure 17. Comparing the behavior 
under relatively medium strain rates and relatively low strain rates, tensile strengths under relatively medium strain 
rated were approximately 20% higher than those under relatively low strain rate, and approximately 0.6% higher 
than those under relatively low strain rates in terms of tensile modulus of elasticity. 
 
 
 
 
Fig. 15. The definition of tensile strength 
Fig. 14. Reinforced concrete specimen 
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4.3 Strain rate dependency in  saturated concrete 
x Dynamic magnification factors of tensile strength and tensile modulus of elastic 
Magnification factors of tested specimens, in terms of tensile strength, resulted in a range of values over 1.0. 
Magnification factors of tested plain concrete specimens in terms of tensile modulus of elasticity resulted in a range 
of values under 0.9. On the contrary, magnification factors of tested reinforced concrete specimens in terms of 
tensile modulus of elasticity were in a range between 0.96 and 1.05. 
Although the method of tensile tests was different from previous researchers, the existing regression lines for 
tensile stiffness (Fujikake et al, [9]) and another lines for tensile strength (Mori et al, [4] Shirai et al, [6], Fujikake et 
al, [9]) are shown in Figures 18 and 19, respectively. The results in this study show partial agreement with prior 
research. 
 
 
 
x Strain rate dependency on bonding force between concrete and rebar 
Strains of concrete at the depth of rebar location are calculated in this section in order to examine the rate 
dependency of the bond. The calculation method for strain of concrete is presented in Figure 20. Strains of concrete 
are proportionally calculated by the strain measured on the top surface and that measured on the bottom surface, 
based on in-plane theory. 
The relation of concrete and rebar strains for one sample, used as an instructive example, are shown in Figure 
21. Under relatively low strain rates, the strains of concrete became higher than strains of rebar. This suggests that 
the bonding force between concrete and rebar decreased gradually. Under relatively medium-strain rates, the strain 
Fig. 18. Magnification factors 
(Tensile strength) 
Fig. 19. Magnification factors 
(Tensile modulus of elasticity) 
Fig. 16. Stress-strain curve 
(Plain concrete) 
Fig. 17. Stress-strain curve 
(Reinforced concrete) 
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of concrete and rebar shows a linear relation until cracking. The bonding force between concrete and rebar might be 
kept. 
 
 
 
5.  Examination for  bending test of saturated concrete 
5.1 Influence of pore pressure in micro-pore structure 
Strain rate dependencies were observed through bending tests in this study. The authors could assume that the 
cause of rate dependency is pore pressure in the concrete. 
A possible mechanism of strain rate dependency due to pore pressure in micro-pore structures during the 
bending test is depicted in Figure 22. In the bending test, negative pressure directed inside of the micro pores causes 
confinement. Furthermore, the water in the crack restrained the crack from opening due to negative pressure under 
the relatively medium strain rate case. Thus, strength under a relatively medium strain rate increased. However, the 
understandable reason why the stiffness of the plain concrete decreased could not be provided by the authors by this 
moment.  
 
 
 
 
5.2 Analysis on bond force between concrete and rebar  
Figure 23 shows a possible mechanism of increasing the bond between concrete and rebar under a relatively 
medium strain rate. If water is able to fill micro cracks formed at the rig of the deformed bar, it can resist crack 
opening due to negative pressure caused by the relatively medium strain rate.  
 
Fig. 20. Calculating method for strain of concrete Fig. 21. The relation of concrete and rebar strains 
Fig. 22. Pore pressure in micro-pore structure (Bending test) 
452   Tetsuri Kaji and Chikako Fujiyama /  Procedia Engineering  95 ( 2014 )  442 – 453 
 
 
6.  Comclusion 
Strain rate dependency of saturated concrete under high or medium speed loading was discussed in terms of 
water pressure in micro-pore structures and in micro cracks. 
 
x Strain rate dependency on strength and modulus of elasticity in saturated concrete were observed in 
uniaxial compression tests and in bending tests. 
x The results of uniaxial compression tests suggest that the quantitative change of compressive strength and 
Youngÿ s modulus were influenced by pore pressure, which was especially prevalent in fine pore 
structures of about 10-1̚10-3 mm. 
x Influence on the Poisson ratio was confirmed under high speed loading of uniaxial compression tests. 
x Tensile strength, tensile modulus of elasticity, and the bond between concrete and rebar were influenced by 
strain rate. 
x The change of water pressure in micro pores and micro cracks has been offered as the cause of strain rate 
dependencies. 
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